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Abstract 
The process of achieving stable partial nitritation through sludge treatment with free nitrous 
acid (MERINO Project) has a lot of potential to recover substantial amounts of 
nutrients/chemical energy from wastewater, by removing N in the form of nitrogen gas and 
preventing the formation of N2O. The aim of this study is to check the feasibility of achieving 
stable partial nitritation and significant nitrogen removal, using free nitrous acid (FNA) 
treatment of activated sludge in MBR, at a pilot plant scale. 
The wastewater treatment is done in two experimental set-ups of 3 MBRs (phase 1 and 2). 
In phase 1, in situ FNA treatment of sludge is done, while in phase 2, a pre-anammox tank is 
connected to experimental MBR. Analysis of the effluent samples, in both the phases, is done 
for determination of concentrations of nitrite, nitrate, ammonium, total nitrogen and 
phosphorous. From the analysis of the results, it is observed nitrogen removal efficiency 
improves significantly when pre-anammox treatment was done in phase 2. The average nitrite 
and ammonium concentrations reduced to < 5 mg/L and < 2 mg/L, respectively. The average 
nitrate concentration was higher. Thus, compared to FNA treatment method, the anammox 
treatment with in situ FNA has better feasibility of achieving stable partial nitritation. 
However, the selective suppression of nitrite oxidizing bacteria (NOB) over ammonium 
oxidizing bacteria (AOB) is difficult.  
Another experimental set-up with different configurations of MBR (phase 3) was tested 
for AOB, NOB and anammox activity. The AOB and NOB activity results, in one of the MBR 
configuration, for aerobic digester liquor (ADL) tank showed that suppression of NOB has 
been achieved to some extent. Anammox activity is found to be low. However, for 
determination of feasibility of the treatment method in phase 3, more research and long – term 
monitoring of the process is required. 
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1. Introduction 
In the past few decades, increase in pollution levels, scarcity of clean water and depleting water 
tables, have shown their impact on our environment. To prevent further degradation of water 
quality, several control and corrective measures have been implemented. To reduce the 
concentration of pollutants and to improve bio-energy production in the wastewater, a number 
of treatment technologies have been developed. However, there are several drawbacks of the 
typical wastewater treatment process [1, 2]: 
• It is developed for pollution control instead of resource recovery. 
• It is energy intensive due to high oxygen demand (requires aeration).  
• It is cost intensive as it requires chemical dosing, e. g. methanol (CH3OH), sludge etc., as a 
carbon source for nitrification. 
• Leads to significant wastage of chemical energy stored in organic matter. 
• The process produces sludge in excess amounts and has a considerable CO2 emission. 
Chemical energy in the wastewater is in the form of organic carbon. Domestic wastewater 
produced in Australia is around 2 TL per annum, which contains ∼10,000 TJ of energy [2]. 
However, only a small fraction of the chemical energy contained in 2 TL per annum in 
wastewater is recovered (∼7% of approximately 700 TJ per annum of recoverable energy) [2], 
whereas the energy consumption in wastewater treatment plants (WWTPs) is quite high. The 
operation of WWTPs should be cost effective besides achieving maximum nutrient recovery 
and maintaining the effluent standards.  
1.1 Main Contaminants in Wastewater 
The main contaminants in wastewater are: 
•  Suspended solids (SS) 
• Biodegradable organics 
• Nutrients 
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The suspended solids in wastewater can generate sludge, which when discharged untreated can 
harm aquatic life by creating anaerobic condition [3]. Biochemical oxygen demand (BOD) and 
chemical oxygen demand (COD) are a measure of biodegradable organics in wastewater. They 
consume oxygen from the water creating life threating conditions for aquatics (i.e. making 
resources deplete of natural oxygen) [3].  
The total suspended solid (TSS) is a combination of raw/unsettled water and activated 
sludge, consisting mainly of microorganisms and non-biodegradable suspended solids. These 
microorganisms remove the biochemical oxygen demand of solids retained in the activated 
sludge [4]. It is important to know whether there is sufficient biomass available during activated 
sludge process to consume the organic pollutant (food). By maintaining this food to micro-
organisms (F/M) ratio, large amount of food will be consumed. Higher the biomass 
consumption of food, lower will be BOD in the discharge [4]. The untreated wastewater may 
contain high concentration (several hundreds of mg/L) of BOD. The wastewater treatment 
reduces BOD and COD to low levels (< 2 mg/L) making the effluent safe for discharge or reuse 
[4]. The volatile suspended solids (VSS) in a sample of suspended solids consist mainly of 
microorganisms and organic matter that volatilize at temperatures up to 550℃. If TSS is too 
low, the organic matter will not be removed sufficiently and hence nitrification will be affected. 
High contents of TSS will drop dissolved oxygen (DO) concentration, thus reducing 
nitrification efficiency and sludge settleability. For Membrane Bioreactor (MBR), the control 
band of TSS is up to 15 g/L [4]. 
COD test measures the content of organic matter of wastewater. The COD of wastewater 
is, in general, higher than BOD [3] because more compounds can be chemically oxidized 
compared to biological oxidation. In most cases of wastewater treatment, it is possible to 
correlate COD with BOD [3], hence soluble COD (sCOD) and total COD (tCOD) are generally 
measured. This has the advantage of controlling the treatment process because COD can be 
determined in 2-3 hours, while BOD measurements take 4-5 days [3]. 
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Nutrients essential for growth are nitrogen, phosphorous and carbon. When these nutrients 
are discharged into water bodies through wastewater, they can cause undesirable growth of 
aquatic life i. e. aquatic eutrophication resulting in low DO level in water. Nitrogen (N) 
containing nutrients in the wastewater are ammonia, nitrite, nitrate and soluble as well as 
particulate organic nitrogen. Ammonia nitrogen exists as either ammonia (NH3) or ammonium 
ion (NH4+) in the aqueous solution. Nitrite nitrogen ( NO2− - N) gets easily oxidized to nitrate. 
The nitrate nitrogen ( NO3− - N) found in wastewater, is highly oxidised form of nitrogen. 
Nitrates may vary in concentration from 0 to 20 mg N/L in wastewater effluents; with a typical 
range from 15 to 20 mg N/L as N [3]. The nitrate and nitrite concentration is usually determined 
by calorimetric methods [3].  
The various compounds of N in wastewater can change their form through several pathways 
[3].  The bacteria decompose urea and other organic matter in the wastewater, thus converting 
nitrogen to ammonia. The ammonia nitrogen is oxidized by aerobic bacteria to nitrites and 
nitrates [3]. High concentration of nitrate nitrogen in wastewater indicates stabilization of waste 
with respect to oxygen demand. Further, nitrates can be consumed by animals and used to build 
animal protein. However, decomposition of plants and animal protein by the action of bacteria 
again produces ammonia. The nitrate nitrogen can be reused, by plants to make protein. Hence, 
to prevent the excessive growth of algae and other plants, it is necessary to reduce or remove 
the nitrogen concentration from wastewater. 
Another essential component for the growth of algae and other organisms is phosphorous, 
which is found in various forms in the aqueous solution. The organically bound phosphorous 
has been found to be a constituent of industrial wastewater effluent [3]. To curtail the excessive 
growth of aquatic life in water bodies, it is important to control the amount of phosphorous, 
besides nitrogen, in the industrial wastewater discharge. The typical range of phosphorous as P 
in municipal wastewaters is 4 to 15 mg/L [3]. 
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1.2 Significance of Nitrogen Removal from Wastewater 
The nitrogen source in the wastewater effluent comes from industries as well as from domestic 
household. The ammonium nitrogen (NH4+ - N) in municipal wastewater is reported to be high 
(~80 mg N/L) [3]. 1000 mg N/L of NH4+ - N is found in the sludge from digester [5]. To prevent 
eutrophication it is important to keep the nitrogen content in wastewater from WWTPs within 
the safe limit as per urban Wastewater Directive. The Australian Directive [6] has set the 
discharge limit of total nitrogen (TN) as < 10 mg/L and total phosphorous (TP) as < 1 mg/L. 
Stringent regulations may apply to more sensitive areas. Many wastewater treatment 
technologies and processes have been developed, but these conventional methods are unable to 
meet the requirements, besides having low removal efficiency, long retention time, high oxygen 
and carbon requirements. To achieve maximum nitrogen removal from effluent of WWTPs, 
more advance, innovative and sustainable treatment technologies must be developed. 
Nitrogen and carbon contents in the wastewater are most commonly removed using 
activated sludge treatment [7]. The process of activated sludge involves production of activated 
mass of microorganism in order to make waste aerobically stable. Activated sludge treatment 
of wastewater removes nitrogen using aerobic and anoxic processes in succession. The organic 
waste in the reactor is mixed with aerobic bacterial culture in suspension to form ‘mixed liquor’ 
[3]. Bacteria are most important microorganisms in the activated sludge process as they 
decompose the organic waste in the influent. The growth of microorganisms is influenced by 
the ratio of chemical oxygen demand to nitrogen (COD/N). High COD/N ratio results in low 
nitrification efficiency, whereas denitrification efficiency is enhanced [7]. Concentration of 
dissolved oxygen also plays an important role in determining the dominant process in the 
reactor. A certain level of DO is desirable in wastewater for respiration of aerobic 
microorganism as well as to prevent formation of harmful odour [3]. Nitrification gets inhibited 
if DO is high and low DO limits ammonia oxidation [7]. Low value of DO and COD/N support 
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partial nitrification, as oxygen and COD requirements is reduced. An optimal concentration of 
DO is needed for high nitrogen removal efficiency [7]. 
1.3  Types of Microorganisms used 
The microorganisms which actively participate in nitrogen removal process by converting 
ammonia to nitrogen are mainly aerobic ammonia oxidizing bacteria (AOB), aerobic nitrite 
oxidizing bacteria (NOB) and anaerobic ammonia oxidizing bacteria (Anammox). The 
oxidation of nitrogen compounds is the source of energy required for the growth of these 
microorganisms [8]. 
• Ammonia Oxidizing Bacteria (AOB) 
These microorganisms can convert ammonia to nitrite under aerobic conditions. The group of 
these microorganisms mainly consists of Nitrosomonas and Nitrospira. The biomass yield of 
AOB is 0.013 ± 0.019 g (dry weight) / g (NH3 – N) and has doubling time of 30 days [9]. Pure 
culture experiment showed that the optimal temperature for AOB is 35 ̊ C [10]. 
• Nitrite Oxidizing Bacteria (NOB) 
NOB oxidizes nitrite to nitrate in aerobic environment. These microorganisms are 
comparatively more sensitive than AOB to the availability of oxygen. The genera of this group 
comprises of Nitrobacter and Nitrospira. NOB has a specific growth rate of 0.04 h-1. The 
optimal temperature for this group of microorganism is 37 ̊ C [10]. 
• Anammox Bacteria   
The anammox bacteria convert ammonium to nitrite. The common genera of this group are   
Candidatus Brocadia anammoxidans [11]. The growth rate of anammox bacteria has been 
found to be ~ 0.0027 h-1, while doubling time is 11 days and 0.13 g (dry weight) / g (NH3 – N) 
of biomass yield [9]. It has high affinity for substrate ammonia and nitrite. The optimum 
temperature is 37 ̊ C for anammox bacteria, however, they remain active within 6 ̊ C to  43 ̊ C 
[12].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
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1.4 Nitrogen Removal Processes 
   The most effective technologies for efficient nitrogen removal are briefly described below: 
1.4.1 Nitrification Process  
The nitrification process occurs due to activity of ammonia oxidizing bacteria (AOB) and nitrite 
oxidizing bacteria (NOB). Ammonia is oxidized to nitrite by AOB as follows: 
𝐍𝐍𝐍𝐍𝟒𝟒
+ + 𝟏𝟏.𝟓𝟓 𝐎𝐎𝟐𝟐 𝐀𝐀𝐎𝐎𝐀𝐀�⎯�𝐍𝐍𝐎𝐎𝟐𝟐− + 𝟐𝟐 𝐍𝐍+ + 𝐍𝐍𝟐𝟐𝐎𝐎 
The nitrite produced is oxidized to nitrate by the action of NOB: 
𝐍𝐍𝐎𝐎𝟐𝟐
− + 𝟏𝟏.𝟓𝟓 𝐎𝐎𝟐𝟐 𝐍𝐍𝐎𝐎𝐀𝐀�⎯�𝐍𝐍𝐎𝐎𝟑𝟑−  
Nitrification process of oxidising ammonia to nitrate is based on the growth yields of AOB and 
NOB and the oxygen requirement. Nitrification gets inhibited if DO is high, while low DO 
limits ammonia oxidation [7]. 
1.4.2 Denitrification process 
In this process, nitrate is converted to nitrite and nitrogen gas (N2). Here, carbon source 
(commonly, methanol) acts as electron donor while nitrite and nitrate are the acceptors of 
electrons i.e. transfer of electrons takes place from the carbon substrate to electron acceptors, 
nitrite or nitrate. The overall reaction is as follows: 
𝐍𝐍𝐎𝐎𝟑𝟑
− + 𝟏𝟏.𝟎𝟎𝟎𝟎 𝐂𝐂𝐍𝐍𝟑𝟑𝐎𝐎𝐍𝐍 + 𝟎𝟎.𝟐𝟐𝟒𝟒 𝐍𝐍𝟐𝟐𝐂𝐂𝐎𝐎𝟑𝟑 → 𝟎𝟎.𝟎𝟎𝟓𝟓𝟎𝟎 𝐂𝐂𝟓𝟓𝐍𝐍𝟕𝟕𝐍𝐍𝐎𝐎𝟐𝟐 + 𝟎𝟎.𝟒𝟒𝟕𝟕 𝐍𝐍𝟐𝟐 + 𝟏𝟏.𝟎𝟎𝟎𝟎 𝐍𝐍𝟐𝟐𝐎𝐎 +
𝐍𝐍𝐂𝐂𝐎𝐎𝟑𝟑
−  
For the above denitrification organic carbon source is required, as the process occurs 
anaerobically. 
1.4.3 Partial Nitrification and Denitrification 
The nitrification process involves oxidation of NH4+ by AOB to NO2−. The NO2−, an intermediate 
product, by the action of NOB, is reduced to gaseous nitrogen in the denitrification process. 
The benefit of partial nitrification and denitrification is that there is much less consumption of 
oxygen and requirement of electron donors [13]. The technical and economic feasibility is 
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reported to be high for partial nitrification via NO2−. However, for the partial nitrification and 
denitrification the NOB inhibition is critical, as NOB oxidizes NO2−  to  NO3−. 
In comparison to AOB, a high concentration of DO is required for NOB. At low DO 
concentration (< 1.5 mg/L), AOB dominates over NOB; hence it is favorable for partial 
nitrification [13]. However, it lowers the rate of nitrification, while at high concentration of DO 
(> 2 mg/L) partial nitrification converts to complete nitrification. 
1.4.4 Anaerobic Ammonium Oxidation (Anammox) Process 
In this process, Anaerobic Ammonium Oxidising (Anammox) bacteria, oxidizes ammonium to 
nitrogen gas with nitrite as the acceptor of electron [13]. A simplified diagram of nitrogen cycle 
with anammox process is shown in Fig. 1 [8]. The overall anammox process reaction is as 
follows [14]: 
𝐍𝐍𝐍𝐍𝟒𝟒
+ + 𝟏𝟏.𝟑𝟑𝟐𝟐 𝐍𝐍𝐎𝐎𝟐𝟐− + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝐍𝐍𝐂𝐂𝐎𝐎𝟑𝟑− + 𝟎𝟎.𝟏𝟏𝟑𝟑 𝐍𝐍+
→ 𝟏𝟏.𝟎𝟎𝟐𝟐 𝐍𝐍𝟐𝟐 + 𝟎𝟎.𝟐𝟐𝟎𝟎 𝐍𝐍𝐎𝐎𝟑𝟑− + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝐂𝐂𝐍𝐍𝟐𝟐𝐎𝐎𝟎𝟎.𝟓𝟓𝐍𝐍𝟎𝟎.𝟏𝟏𝟓𝟓 + 𝟐𝟐.𝟎𝟎𝟑𝟑 𝐍𝐍𝟐𝟐𝐎𝐎 
For anaerobic AOB (Anammox) the requirement of carbon is met by carbon dioxide. This 
reduces the cost of chemical dosing. Also anammox process has much less sludge production, 
making it a cost effective process of nitrogen removal from wastewater [13]. As there is no 
nitrous oxide emission in the process, it has low impact on the environment [2].       
 
Fig. 1:  Simplified nitrogen cycle with anammox process [8] 
Nitrification 
Denitrification N- fixation 
Ammonification 
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The important factors which affect the anammox process are DO, substrate concentration, 
reactor configuration and temperature. The anammox bacterial activity and their growth is 
influenced by NO2− [13]. Due to slow growth rate of Anammox bacteria, long sludge retention 
time (SRT) is required in order to maintain high biomass concentration.  
1.4.5 Partial Nitritation and Anammox Process 
The initial step of nitrification, i.e. conversion of ammonium to nitrite is known as nitritation 
[15]. Coupling partial nitritation with anammox process can be an effective solution to  NO2−  
accumulation problem. Aerobic AOB convert a part of NH4+ to NO2− by oxidation (partial 
nitritation). The remaining part of NH4+ is converted to N2 gas by anaerobic AOB, with electron 
acceptor  NO2− (anammox process) [14]. The partial nitritation and anammox reactions are as 
follows [2]: 
     Partial Nitritation:           𝐍𝐍𝐍𝐍𝟒𝟒+ + 𝟏𝟏.𝟓𝟓 𝐎𝐎𝟐𝟐                𝐍𝐍𝐎𝐎𝟐𝟐− + 𝟐𝟐 𝐍𝐍+ + 𝐍𝐍𝟐𝟐𝐎𝐎 
                 Anammox:          𝐍𝐍𝐍𝐍𝟒𝟒+ + 𝟏𝟏.𝟑𝟑𝟐𝟐 𝐍𝐍𝐎𝐎𝟐𝟐−                𝟏𝟏.𝟎𝟎𝟐𝟐 𝐍𝐍𝟐𝟐 + 𝟎𝟎.𝟐𝟐𝟎𝟎 𝐍𝐍𝐎𝐎𝟑𝟑− + 𝟐𝟐 𝐍𝐍𝟐𝟐𝐎𝐎 
Applying a step-feed mode for this operation of partial nitritation followed by anammox process 
provides an optimum ammonium to nitrite ratio. This improves total efficiency of nitrogen 
removal. Compared to traditional nitrogen removal processes, ~ 40% less oxygen is required in 
this process. Due to slow growth of anammox bacteria, less amount of sludge is produced which 
saves cost of sludge treatment [13]. The most innovative of the current technologies for nitrogen 
removal from wastewater is partial nitritation and anammox process. 
However, to achieve satisfactory nitrogen removal using this process, the NOB must be 
significantly suppressed. At present, the NOB suppression strategies involved require either 
higher temperature (∼35 ℃) or specific characteristic of influent [2]. As domestic wastewater 
does not satisfy these conditions, NOB suppression is difficult. Even using other strategies [2], 
NOB suppression is not reliable. Moreover, the efficiency of the nitrogen removal is found in 
most cases to be even less than 70%, since it is difficult to ensure an optimal molar ratio of 
1:1.32 of ammonium and nitrite from the partial nitritation [2]. In past few years, stable partial 
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nitritation and improvement in total nitrogen removal efficiency in mainstream wastewater 
treatment has been achieved. Hence, partial nitritation and anammox process is seen as a 
potential economic and sustainable approach for removing nitrogen from wastewater.  
2. Earlier Studies 
Several technologies have been developed to achieve maximum recovery of bioenergy and 
removal of nutrients from the effluent of WWTPs, but desired significant amount of nutrient 
recovery and removal are still a challenge. Currently, some of the WWTPs utilize an extra add-
on process to form biogas (CH4) before sludge disposal and minimize wastewater services 
which lead to negative energy [2]. The process is, however, more focused on minimizing 
volumes of bio-solids and disposal quantities instead of benefits involving production of energy 
[2]. 
One method used [16-18] for increasing the recovery of bioenergy is A/B process. 
Wastewater is first fed into A-stage where the organic matter adsorbed by biomass is separated. 
Bioenergy recovery is achieved through anaerobic digester. From A-stage, the effluent is 
passed-on to B-stage where nitrogen removal process (nitrification/denitrification) is carried 
out. However, as organic matter is removed in A-stage, the nitrogen removal in B-stage is quite 
inefficient [16-18]. Use of mainstream nitritation – anammox process, in place of process of 
nitrification/denitrification, for removal of nitrogen in the B-stage could be a suitable solution 
of the problem. The stable nitritation, in this case, is difficult to achieve due to the sensitivity 
of anammox bacteria to oxygen, carbon and high nitrite levels, as well as their low rate of 
growth [19-21]. 
The pre-treatment process for carbon concentration in wastewater is most widely done using 
high-rate activated sludge (HRAS). The removal of nitrogen from the HRAS effluent, in current 
WWTPs is achieved using nitrification and denitrification process which requires sufficient 
amount of organic carbon [22]. To increase the recovery of bioenergy, new design of treatment 
process is required. In this process [2] most of the organic carbon gets absorbed biologically or 
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adsorbed physically in sludge, in a HRAS reactor, and gravity settling separates it from 
wastewater. The sludge from HRAS is then digested anaerobically producing bio-methane [2]. 
As the organic carbon in the new process design is already separated out from the effluent of 
HRAS, the nitrogen removal is achieved without organic carbon (autotrophic process) through 
the partial nitritation and then anammox [20, 23]. 
Partial nitritation and anammox (PN/A) has the advantage of 60% reduction of the 
requirement of oxygen and ~100% elimination of carbon for partial nitritation and 
denitrification, respectively. Also PN/A reduces excess sludge generation by 80% [24]. Nearly 
50% of ammonium in a partial nitritation reactor is converted to nitrite aerobically by AOB. 
The remaining ammonium and the nitrite are then converted into nitrogen gas and nitrate (89% 
and 11%, respectively) [2]. 
Besides the slow growth rate of anammox bacteria and its competition with denitrifiers for 
nitrite, the selective retention of AOB over NOB is the main challenge [25]. The difficulty 
arises as AOB and NOB exhibit similar growth kinetics and complementary metabolism [25-
27]. Dominant strains of AOB in municipal wastewater are Nitrosomonas and Nitrospira, while 
that of NOB are Nitrobacter and Nitrospira [28]. 
Several strategies have been explored to solve the problem of selective retention of AOB 
over NOB in reactors. Due to high oxygen affinity of AOB, low DO concentration was found 
to favour AOB over NOB [29, 30]. In PN/A reactor, at DO = 0.15 – 0.18 mgO2/L, the selective 
retention of AOB could be achieved [31]. However, low DO can also be an inhibitor of AOB, 
thus reducing nitrogen conversion efficiency. Effective suppression of NOB by intermittent 
aeration has been reported in sequence batch reactors (SBR) [32, 33], however, its application 
to full scale systems needs more research. 
In PN/A sludge treatment, the required nitrite is produced by nitritation of anaerobic 
digester liquor. Free nitrous acid (FNA) has been found to achieve selective retention of AOB 
over NOB in wastewater treating reactors [27, 34]. FNA has low biocidal effects on AOB 
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compared to NOB in 0.24 – 1.35 mg HNO2-N/L [27]. It was shown [27] that nitrogen removal 
could be increased if FNA - based sludge treatment is done via nitrite pathway. A portion of 
the activated sludge is treated with FNA, at 1.35 mg-N/L, in a side-stream sludge treatment unit 
for 24 hours before returning it back to the sequencing batch reactor. The total nitrogen removal 
by this process increased substantially [27]. Moreover, the FNA treatment of the side-stream 
activated sludge has no negative affect on settleability of sludge or the emission of N2O. When 
1/4th of the activated sludge was treated daily in a side-stream with FNA, at 1.82 mg-N/L for 
24 h, NOB population was found to decrease in the mainstream resulting in ∼ 80% of nitrite 
accumulation ratio [26]. The operating conditions of the nitritation reactor were kept at 22 ℃ 
and low dissolved oxygen rate at 0.3-0.8 mg/L. 
Currently, 1/4th and then 1/8th of the activated sludge, in a side-stream was treated with 1.83 
mg/L concentration of FNA, daily for 10 days [2]. The result was 80% achievement of stable NH4+ conversion to NO2−. Along with FNA treatment when aeration control was applied from 
day 220, very low nitrate was produced with half of the NH4+ in feed being converted to  NO2− 
[2]. Compared to mainstream PN/A, it is easier to achieve sufficient nitrogen removal from 
wastewater in a side-stream [35], due to complex characteristics (composition, pH, temperature 
etc.) of the mainstream wastewater. Low values of temperature and concentration of ammonium 
in the mainstream result in unfavourable conditions for the growth of anammox bacteria. 
The conditions of treatment using FNA can also affect the nitrogen removal (via nitrite 
pathway) from mainstream wastewater. Conditions of FNA treatment include treatment 
frequency, treatment time, FNA concentration, the sludge treatment ratio, size of FNA 
treatment unit etc. The effect of the conditions, using 3 types of FNA frequencies and 2-types 
of concentrations, was studied by Duan et al. [34]. The investigations were carried out in 4 
SBRs, with one and two-steps feeding regimes. A negative correlation was observed of the 
FNA treatment frequencies on AOB and NOB activities, while positive correlation on nitrite 
accumulation ratio [34]. The optimal conditions of FNA treatment depend upon the 
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characteristics of wastewater, discharge standards of nitrogen as well as operating costs. Full-
scale tests with economic analysis should be done to achieve maximum energy at lower cost. 
For successful implementation of PN/A process, besides sustainable growth of anammox 
bacteria, a balance between AOB and NOB activity must be achieved. Thus, more reliable 
methods are required for analysing the activity of AOB, NOB and anammox bacteria, under 
varied conditions. 
Recently, new technology ‘Maximising Energy Recovery through Innovative Nitrogen 
Removal (MERINO)’ Project, pioneered by Dr. Min Zheng at Advanced Water Management 
Centre (AWMC) of University of Queensland, to achieve stable partial nitritation is developed 
in which NOB are suppressed selectively in the nitritation reactor using FNA. FNA’s biocidal 
effect is more on NOB compared to AOB [2]. With this technology, a stable partial nitritation 
could be obtained for domestic wastewater. Hence, partial nitritation and anammox process in 
mainstream wastewater treatment is seen as a potential economic and sustainable approach [35].  
Generally, aerobic Membrane Bioreactor (MBR) processes had been widely applied to treat 
domestic wastewater in full scale over the entire world [36]. An MBR provides biological 
treatment of the wastewater by filtering biomass through a membrane, instead of sedimentation 
process used in conventional wastewater treatment plants. The quality of filtered water from 
MBR is much higher compared to from conventional techniques. Unlike earlier sludge 
treatments [26, 27], separate sludge thickening can be avoided due to possible high sludge 
concentrations in MBRs. With reduction in membrane costs and strict environmental 
regulations, MBR treatment is being widely used in WWTPs [36]. However, currently, 
achievement of mainstream stable partial nitritation in MBR has been rarely reported. It would 
be interesting to see the FNA sludge treatment effect on selective suppression of NOB over 
AOB with different configuration of MBRs. Further research needs to be done to see feasibility 
of the new approach and its full-scale application.  
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3. Aim of the Project 
The aim of this study is  
• To check the feasibility of the proposed treatment method in achieving stable partial 
nitritation through FNA sludge treatment, using MBR set-up at a scale of pilot plant. 
• Analyze the feasibility of the method using pre-anammox treatment.  
• To check its effect on selective suppression of NOB over AOB. 
4. A Brief Description of the Wastewater Treatment Process Design  
4.1 Experimental Set-up 
A two-stage, pilot-scale wastewater treatment process design, with in situ FNA treatment, was 
set-up at Luggage Point WWTP, Brisbane, Australia (Fig. 2 and Fig. 3) [37]. In stage 1, HRAS 
is used for maximizing sludge production and a gravity settler for solids separation from the 
activated sludge. A two step-feed method is used to achieve better stable nitritation. In stage 2, 
three MBR’s are operated in parallel (Fig. 3) [37]. In phase 1, MBR 1 is the control reactor, 
while MBR 2 and MBR 3 are experimental reactors where in situ FNA treatment was applied 
to achieve partial nitration by selective retention of AOB and suppression of NOB. The diagram 
of in situ sludge concentration in MBR is shown in Fig. 4 [37]. These reactors are fed once per 
week, with side-stream FNA solution. 
Each MBR in the set-up has volume of 14 L and dimensions 76 × 40 × 6.5 cm3 (Fig. 5) 
[38]. For each MBR, a hollow fibre membrane module, made of polyvinylidene fluoride, with 
~ 0.4 m2 total surface area and average pore size of 0.2 µm were used. At the bottom of the 
module a perforated tube is attached (Fig. 5), through which aeration is done using an air pump 
(A-80LM, Ultraflow). The membrane surface is subjected to shearing force by the rising air 
bubbles through perforation. To keep the air flow rate fixed (9 ± 1 L/min/MBR), a rota-meter 
(EW-68560-26, Cole-Parmer) was used. Under normal conditions during operation this flow 
rate is expected to generate more than 2 mgO2/L concentration of DO in each reactor. The 
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monitoring of DO was not possible in the set-up as the activated sludge was fed into MBR’s 
from a nitrifying reactor (pilot-scale) at Luggage Point WWTP, in Brisbane, Australia. 
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Fig. 5: Simplified diagram of the MBR 1, MBR 2 and MBR 3 set-up [38]. [1. Air Pump, 
2. Air Flow Meter, 3. Membrane Module, 4. Perforated Tube, 5. Floats a, b and c, 6. 
Pressure Sensor, 7. Peristaltic Pumps, 8. pH Probe, 9. Programmable Logic Controller]  
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Fig. 6: Influent pump                                               Fig. 7: Effluent pumps 
Fig. 8: Air flow meter                                              Fig. 9: Programmable Logic Controller 
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A peristaltic pump (PR-18 230VAC, SEKO), with a digital timer (D817LIMDP, HPM) was 
used for controlling the wasting flow rate. The SRT = 14.5 days was chosen so as not to suppress 
AOB growth during FNA treatment of the sludge. A programmable logic controller (PLC) 
(LOGO 6ED10521-MD000BA8, Siemens), along with floats a and b (shown in Fig. 5) and a 
PR-18 peristaltic pump (230VAC, SEKO) was used to control influent flow rate. The PLC, on 
receiving signal from the floats (a and b), can switch on or off the influent pump, thus 
maintaining the water level in the reactors between floats a and b (60 ± 3 cm). To prevent the 
water level from going below the membrane module, another float (float c) is installed just 
above it (Fig. 5). If the water level goes below float c, the PLC shuts down all MBRs to prevent 
damaging the membrane.  
The PLC also controlled the effluent flow rate from a peristaltic pump (YZ1516X, BT100-
2J, Bigger pump). To prevent membrane fouling, the peristaltic pump was shut down (done for 
all 3 MBRs) for 2 min. after every 8 min. (i. e. remains ON for 8 min.). A pressure sensor 
(UNIK5000, GE) and a data logger (DT82E, DataTaker) are connected in the effluent line for 
recording trans-membrane pressure. When this pressure exceeds 0.3 bar, membrane cleaning is 
done. It is done by washing the membrane carefully with water and for 24 h exposing it to 0.3% 
w/w solution of NaOCl (425044, Sigma-Aldrich) and 0.3% w/w HCl (258148, Sigma-Aldrich) 
to maintain permeability. The pH value inside the reactor is monitored by a pH sensor and a 
multi-channel transmitter (MXD75, LTH Electronics). 
In phase 2, MBR 1 and MBR 2 are chosen as the experimental reactors, with a 7 L pre-
anammox tank connected to MBR 1. There is no change in the MBR 2 configuration, while 
MBR 3 is the control reactor. The MBR 1 configuration, in phase 2, is shown in Fig. 10.  
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Fig. 10: MBR 1 configuration in phase 2. 
In the next stage of treatment (phase 3) (Fig. 11), MBR 1 configuration includes a pre-
anoxic tank of 7 L volume with aerobic MBR along with a 7 L side-stream acidified tank. The 
hydraulic retention time (HRT) for pre-anoxic tank, MBR and acidified tank are 1 h, 2 h and 1 
day, respectively. The wasted sludge rate is maintained at 1.12 L/d, while SRT = 25 days. Pre-
anoxic tank with anammox carriers reduces NH4+ to NO3−.  The anammox bacteria are autotroph 
organisms, so no carbon source is required. It consumes less oxygen compared to full 
nitrification. This results in large energy savings. However, as growth rate of anammox bacteria 
is slow the sludge retention time is important. The pre-anoxic zone in activated sludge treatment 
processes have reported to give better nitrogen removal rates [39].  
Wastewater from MBR 1 is recycled to the pre-anoxic tank, while a portion is sent to the 
acidified tank to be subjected to FeCl3 dosing as follows:  
2 FeCl3 + 3 H2O                Fe2O3 + 6 HCl  
The acid dosing would reduce pH to low values (2.5 - 3) in the acidified tank, thus it can act as 
a selector of AOB that can adapt to acid conditions. Feasibility of this set-up will be analysed 
with respect to its effect on suppression of NOB over AOB.   
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                 HRAS            Settler              Pre-anoxic           MBR 
 Influent                                                                                                           Effluent 
 
 
                                                 FeCl3 
Fig. 11: MBR 1 Configuration with pre-anoxic (anammox carrier) tank, aerobic MBR and side-
stream acidified tank  
 Another stage of treatment (MBR 2 configuration) involves addition of a side-stream 
aerobic 14 L digester reactor (Fig. 12) connected to MBR. MBR 2 configuration is chosen as 
the experimental reactor, while MBR 3 configuration is the control reactor (Fig. 13). The HRT 
for aerobic digester is set at 8 days, while it is 1 day for MBR in both MBR 2 and MBR 3 
configuration. For both the configurations, SRT is kept at 12.5 days and wasted sludge rate is 
1.12 L/d. The sludge samples for various activity measurements are collected to see the 
feasibility of achieving suppression of NOB over AOB.  
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 Influent                                                                                                   Effluent 
 
 
                                                                        
 
Fig. 12: MBR 2 Configuration with aerobic digester tank  
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Fig. 13: MBR 3 Configuration  
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4.2 Process Description 
In the first step (Fig. 2), the wastewater goes through a HRAS unit, which converts it into an 
activated sludge, by biological absorption and physical adsorption of organics in wastewater 
[2]. This organic-rich activated sludge is passed on to gravity settlers where it is separated from 
wastewater. Then it is introduced into anaerobic digester where bio-methane is produced [2]. 
The wastewater from settlers undergoes partial nitritation by the action of AOB. To suppress 
the NOB growth a FNA treatment unit is provided which treats sludge regularly with FNA. In 
situ FNA treatment can be provided with required FNA being produced by the anaerobic 
digester [2]. The reactor effluent is then fed into MBR where nitrogen is removed by anammox 
and denitrifying anaerobic methane oxidation (DAMO) process. The methane required for 
MBR is only a small part (~ 5%) of that produced by the anaerobic digester [2]. 
For wastewater treatment, the MBR is a combined process of activated sludge formation 
(biological treatment) and membrane filtration. The advantage of using MBR is their small size 
compared to conventional equipment, with clarifiers and filters for secondary and tertiary 
treatment. Moreover, the effluent quality is of high standard, thus eliminating the need for 
secondary and tertiary treatment. These reactors are fed once per week, with side-stream FNA 
solution. The FNA treatment frequency of once per week was chosen according to the earlier 
studies [26, 27, 34]. The treatment was done daily based on the batch tests results [26]. Nitrite 
concentrations as well as pH value was controlled to achieve the required concentration of FNA 
in MBR 2 and MBR 3.  
Initially, in the phase 1 (Fig. 3), a pH of 5.6 was chosen for the treatment. To achieve this, 
anaerobic digester liquor, which had undergone partial nitritation (CNO2 ≈ CNH4 ≈ 400 mg N/L), 
was mixed with reactor liquid of MBR 2 and MBR 3, instead of HRAS effluent, under 
continuous air flow rate of 9 ± 1 L/min./MBR. The FNA concentration for sludge treatment 
was chosen according to the observations made in earlier studies [27], i. e. 0.7 – 1.2 mg HNO2-
N/L. The other parameters of each MBR [26] are: Q = 145 L/day; TMBR = 18 – 22 ℃. pH = 5.6 
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was achieved using 0.5 M HCl (258148, Sigma-Aldrich), a peristaltic pump (PR-18 230VAC, 
SEKO), a pH sensor along with a multi-channel transmitter (MXD75, LTH Electronics). After 
a period of ~ 24 h the regular HRAS effluent operation was resumed washing out anaerobic 
digester liquor from the MBRs. The choice of SRT = 14.5 days is based on FNA treatment 
conditions as well as on the temperature of anaerobic digester liquor. HRT = 2.7 h is chosen on 
the basis of design concentrations and the characteristics of the influent. Concentrations of NH4+,  NO2−, NO3−, TSS, VSS, sCOD in the effluent and pH were monitored regularly.  
In phase 2 (Fig. 10) a pre-anammox tank is connected to MBR 1, while MBR 2 set up is 
unchanged. The sludge from settlers goes into pre-anammox tank and then goes into MBR 1, 
where aeration is done. The aerated sludge is recycled to pre-anammox tank.  pH is to be 
reduced to 5.0 by HCl dosing. MBR 1 effluent pump is set at rpm = 80, while MBR 2 at rpm = 
20 for SRT and HRT requirements. The influent pumps of MBR 1 and MBR 2 are set at rpm = 
50. 
In next stage (phase 3), MBR 1 configuration was changed (Fig. 11) to include a 7L pre-
anoxic tank (anammox carrier), a side-stream acidified tank (7L) and an aerobic MBR (14L). 
FeCl3 solution dosing is done in the acidified tank to keep pH level low, in the 2.5 - 3 range. 
1.11g of FeCl3 is mixed with 100 ml of Milli-Q H2O to obtain FeCl3.6H2O, which is acidic in 
nature due to production of HCl. The anoxic tank has the influent flow rate Q = 140 L/d. The 
mainstream wastewater at Luggage Point, Brisbane, contains ~ 5 mg/L of Fe [2]. 700 mg Fe/d 
is fed into pre-anoxic tank. 100 ml of sludge from MBR goes into acidified tank dosed with 
FeCl3.     Acid will have biocidal effect on AOB and NOB present in the sludge. pH level in the 
acidified tank is kept low so that AOB which adapt to such acid conditions can be selected. The 
SRT is set as 25 days for MBR 1 configuration due to slow growth of anammox bacteria. The 
excess production of activated sludge each day is wasted in order to maintain a fixed ratio of 
food to microorganism. This process is known as sludge wasting [3]. The wasted sludge rate is 
of 1.12 L/d. FeCl3 dosing (to acidify sludge) will be used to check effect of aeration or non-
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aeration on AOB and NOB activities. Long – term monitoring of influent and effluent biomass 
concentration, pH, sludge samples storage and activity tests need to be carried out to check the 
feasibility of the treatment process. 
In another set-up of phase 3, MBR 2 (14 L), an experimental reactor, is configured by 
adding a side-stream aerobic digestion reactor (Fig. 12), while MBR 3 is a control reactor of 14 
L volume (Fig. 13). The wasted sludge rate is 1.12 L/d with SRT = 12.5 days in both MBR 2 
and MBR 3. It is assumed that pH in MBR2 will drop in the range of 4 - 5 and reactor could 
achieve stable partial nitritation performance. However, long - term tests need to be conducted 
for determining the feasibility of the method. 
5. Analytical Procedures 
Flow injection analysis (FIA) was carried out at AWMC laboratory for measuring the 
concentrations of NO2−, NO3−, NH4+, PO43− and TN in samples of wastewater. These 
concentrations were determined according to Lachat QuickChem Methods. FIA is an automated 
method of chemical analysis where a sample before passing-on to a detector is injected into a 
reagent stream. A pump and a reaction coil is used to control the reaction time. The detector is 
generally a spectrophotometer [40]. Digested samples (digestion duration of 3.5h at 380 ℃) 
were analysed using FIA (QuickChem 8500, Lachat).  
5.1 TSS and VSS Calculations   
For determination of TSS and VSS concentration 10ml of mixed liquor was used. Analytically, 
all matter that is left behind upon evaporation, at a temperature range of 103 - 105 ℃, is defined 
as the total solids content of wastewater [3]. A microfiber filter glass of 1.2 µm (1822-047, 
Whatman) was dried at 105 ℃ in an oven to remove moisture from it. The dried filter is then 
weighed. In order to remove moisture from the sample, the sludge and the filter were dried for 
~ 2 h at 105 ℃.  
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Volatility of solids is checked at 550 ± 50 ℃ [3]. At this temperature, organic part oxidizes 
and is removed in the form of gas, while inorganic part is left as ash. Such solids are given the 
name ‘Volatile Suspended Solids’ (VSS). The dried sample and the filter were weighed and to 
burn-off any chemical compounds/organic materials present in the sample it is then put into a 
furnace, for ~ 1 h at a temperature of 550 ℃. The measured weights of dried filter, dried and 
combusted samples, along with the sample volume were used for calculating TSS and VSS 
concentrations of mixed liquor as follows: 
TSS = (W2 – W1) / V   
and 
VSS = (W2 – W3) / V, 
where, W1 is mass of filter (g) 
            W2 is residue mass on filter after drying at 105 ℃ (g) 
            W3 is residue mass on filter after ignition at 550 ℃ (g) 
            V is the volume of the sample (L) 
 A 0.45 µm filter (SLHP033RS, Merck) was used for sCOD sample. Analysis of sCOD was 
done using (Merck) COD cell tests, a TR320 thermo-reactor and a Pharo100 Spectrometer. 
5.2 AOB and NOB Activity  
Activity tests of AOB and NOB were done using 500 mL of mixed liquor. The pH may affect 
the oxidation rates of ammonia, hence it is to be controlled by NaHCO3 (S6014, Simga-Aldrich) 
and 0.5M HCl (258148, Simga-Aldrich) dosing. These tests were carried out at 18-22 ℃. 
Sufficient amount of DO is supplied using an air pump (LP-20, Resun). To prevent sludge 
settling, a magnetic stirrer (RCT basic, IKA) continuously stirred the mixed liquor at rpm 400. 
The initial concentrations of ammonia and nitrite were chosen in the range where AOB and 
NOB [41] would not be inhibited by FNA and free ammonia concentration. The samples (mixed 
liquor) were collected in an interval of 15 min. for 1.5 h. A filter of 0.45 µm (SLHP033RS, 
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Merck) was used. The sample filtrate were analysed using flow injection analyser for 
concentrations of  NO2−,  NOX− ( NO2−+ NO3−) and NH3/NH4+ by the staff at AWMC laboratory. 
The concentrations of NO3−,  NOX− and  NO2− (CNO3, CNOX and CNO2) were plotted with 
respect to time. The trend line using least squares linear regression was drawn for CNO3 and CNOX. The unspecific AOB and NOB activity was determined from the slope of the trend line. 
The specific AOB and NOB activity is determined by dividing the unspecific activity by the 
VSS concentration. 
5.3 Anammox Activity 
To determine the effect of certain substances 
present in water on the anammox bacteria activity, 
several methods are available. Here, the anammox 
bacteria activity is determined as a measure of 
conversion rate of  NH4+,  NO2−  and  NO3− 
concentrations in the liquid by standard 
spectrophotometric methods (Lachat QuickChem Methods). The NH4Cl and NaNO2 solutions 
were prepared to keep the initial concentrations of NH4+ and  NO2− at 20 - 25 mg N/L. A suitable 
number of anammox carriers (Fig. 14) are added to 1.5 L volume of water. pH was maintained 
at 7.55, while stirrer rpm was set at 550. The samples, collected at an interval of 10 mins. were 
analysed using FIA technique, by the staff at AWMC laboratory, for concentrations of NH4+,  NO2− and  NO3−. From the concentration curves of NH4+ and NO2−, using least squares linear 
regression, slope of the trend line determines the anammox activity. The specific anammox 
activity (SAA) is obtained as follows: 
SAA = Anammox activity{number of carriers  x  effective area of the carrier}    [mg-N/m2/d].  
 
Fig. 14: Kaldnes K5 Carrier [42] 
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6. Results and Discussion 
• Nitrite, Nitrate and Ammonia Concentrations 
Sludge treatment using in situ FNA, was carried out with equal concentrations of  NO2− and NH4+ in anaerobic digester liquor as 400 mg N/L. pH was set up at 5.6. Samples were collected 
on a regular basis from the effluents of MBR 1, MBR 2 and MBR 3. The various concentrations 
of the components of the sample were determined by the staff at AWMC laboratory using FIA 
technique. The measured concentrations of NH4+,  NO2− and  NO3− are plotted vs. time, over the 
duration of ~ 200 days. The obtained concentrations of  NO2−,   NO3− and NH4+ are shown in Fig. 
15. For up to 50 days (phase 1), when no pre-anammox tank was connected to MBR 1, it is 
observed that the average concentration of  NO2− and NH4+, in the effluent of MBR 1, is 28.22 
mg/L and 7.75 mg/L, respectively, while average concentration of  NO3− is 5.76 mg/L.  
From day 50 onwards, a pre-anammox tank was connected to MBR 1 (phase 2). The 
samples could not be collected during days 60 to 75 and days 115 to 135 due to 
technical/operational difficulties. However, the average concentration of NH4+ during the entire 
duration of phase 2 (from 50 to ~200 days) of NH4, in the effluent of MBR 1, is < 5 mg/L, with 
few exceptions around 110th day and 170-190 days. While NO2−, in phase 1 has an average 
concentration of 28.22 mg/L with maximum concentration of ~ 40 mg/L on day 37. In phase 2, NO2− concentration on an average over the entire duration is < 2mg/L. The  NO3− concentration 
is found to increase from an average of 5.76 mg/L in phase 1 to an average of 10.38 mg/L in 
phase 2. 
Similar pattern for  NO3− concentration is seen in the effluent of MBR 2 and MBR 3, i. e. 
there is an increase in concentration of  NO3− from phase 1 to phase 2. In MBR 2 it rises from 
an average of 6.64 mg/L in phase 1 to an average of 36.08 mg/L in phase 2, while for MBR 3, 
the increase in average concentration is from 17.48 mg/L to 36.72 mg/L. The average NO2− 
concentration in both MBR 2 and MBR 3, in phase 2 is < 5 mg/L. 
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It can be seen that average ammonium concentration in the effluent of MBR 1 and MBR 2, 
apart from a few exceptionally high values, is ~ 5 mg/L and ~ 10.5 mg/L respectively, in phase 
2. Thus, it can be seen that partial nitritation was established in phase 2. Higher concentration 
of  NO3− in phase 2 indicates that NOB suppression is not successfully achieved. The frequent 
operational failures of the equipment at the plant made continuous stable operation of the 
system difficult during the phase 2. Hence, the recurring disruptions during the operation might 
be a cause for few inconsistencies in the result and increase in the NOB activity. 
• Nitrite Accumulation Ratio  
The nitrite accumulation ratio (NAR) is the ratio of NO2− to NOX−, where NOX− = NO2− +NO3−  i.e.  
NAR = (NO2− / [NO2− + NO3−]) %.   
The NAR for all MBRs, in phase 1 and phase 2, are plotted in Fig. 16 as a function of time. In 
phase 1, for MBR 1, the average NAR is > 85%, while for MBR 2 and MBR 3 average NAR is 
~ 80% and ~ 55%, respectively. In phase 2, the average NAR in MBR 1 reduces to ~ 15%, 
while less than 15% in MBR 2 and MBR 3. The low NAR in phase 2 is a result of high 
concentration of NO3− in all MBRs. As FNA treatment was disrupted due to frequent failure of 
the equipment at the treatment plant during phase 2, the NOB activity could not be suppressed. 
Hence, NO2− was converted to NO3− by NOB, leading to low NAR. This highlights the 
difficulties in achieving the selective suppression of NOB. 
• Total Nitrogen Concentration 
The total nitrogen in the effluent (TN eff) is the sum of concentrations of NO2−, NO3− and NH4+. 
TN eff is plotted vs. time in Fig. 17, for all the three MBRs. During 40 to 50 days, there were 
technical operational problems due to which inconsistency was observed in the result. Few 
exceptionally high values during the operation are left out of the average. 
For MBR 1, in phase 1, the average TN eff (apart from a few high values) is 38.5 mg/L, 
which drops to 16.31 mg/L when pre-anammox tank is connected to MBR 1 in phase 2. The 
reduced nitrogen is possibly a result of nitrogen consumption by biomass. On an average, TN 
28 
 
eff of 51.77 mg/L is observed for phase 1, in the effluent of MBR 2 and 46.98 mg/L for MBR 
3. This is slightly higher with respect to phase 1 observation of MBR1. During 60 to 75 days 
and 115 to 135 days, samples could not be collected due to technical problems and equipment 
failure at the plant. In phase 2, TN eff on an average remains ~ 40 mg/L for MBR 2, same as in 
phase 1 up to 110th day. From 140th day onwards, it increased to an average TN eff of ~ 50 
mg/L, leaving a few exceptionally high values which might be a result of uncertainty in the 
measurement due to recurring failure of the equipment and loss of sludge. For MBR 3, in phase 
2, ignoring one or two unusually high values, the average concentration of TN eff is found to 
be ~ 45 mg/L.  
High concentration of TN in effluent indicates to the possible difficulties in achieving the 
desired control factors (1:1.32 ammonia to nitrite ratio, DO concentration, pH, etc.) due to 
frequent operational failures.  
• TSS and VSS Concentrations 
Following the method of determination of TSS and VSS [3], these are calculated for all MBRs 
in phase 1 and phase 2. The obtained concentrations of TSS and VSS, for MBR 1, MBR 2 and 
MBR 3 in both phases are presented in Fig. 18. Over the entire duration of ~ 200 days (phase 1 
and phase 2), a wide variation in the TSS and VSS concentrations can be seen. Frequent sludge 
loss from MBRs due to failure of PLC boxes in checking the water level, resulted in decrease 
in the TSS and VSS concentration. This problem recurred occasionally and persisted for several 
days leading to sludge wasting as well as sludge loss due to biomass decay. 
During phase 1, the average TSS and VSS concentrations were found to be 10.84 g/L and 
9.24 g/L, respectively, for MBR 1. In phase 2, these concentrations reduce to < 5 g/L. For MBR 
2, the average TSS concentration, in phase 1 is ~ 7.81 g/L, while average VSS concentration is 
~ 6.68 g/L. For MBR 3, the corresponding values in phase 1 are ~ 7.16 g/L and ~ 6.25 g/L. For 
phase 2, the TSS and VSS concentration rises to a maximum of ~ 16 g/L and ~13 g/L for both 
MBR 2 and MBR 3 on 129th day. The average TSS and VSS, in phase 2, over the duration of 
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117 – 150 days, for MBR 2 is 9.28 g/L and 7.91 g/L, respectively. Near about similar average 
TSS and VSS, for MBR 3, in phase 2, over the duration of 117 – 150 days, are observed. The 
VSS to TSS ratio remained on an average around 0.9, which is a reasonable estimate for 
activated sludge [28]. 
From 150 day onwards, there was recurring extreme sludge loss due to operational failure 
of the water level control, resulting in low TSS and VSS. Also for SRT of 14.5 days and 0.12 
d-1 biomass decay coefficient [28], with no feed supplied for 3 days, the sludge loss is expected 
to be ~ 50 %. This loss in sludge had been a frequent problem during the entire operation, 
making stable achievement of TSS and VSS difficult.  
• Phosphorous Concentration       
During phase 1, average phosphorous (PO43−- P), for all the three MBRs is ~ 5 mg/L (Fig. 19), 
with few exceptions for MBR 2 and MBR 3. However, a similar variation in PO43−- P 
concentration can be seen for all MBRs during phase 1. For first 20 days, the average 
concentration remains ~ 3 - 4 mg/L and for next 20 days the average concentration becomes 
more than 6.5 mg/L. Around day 50 and beyond (phase 2), when pre-anammox tank is 
connected, the average concentration of phosphorous for all MBRs is slightly less than 2 mg/L. 
• sCOD and pH 
The sCOD measured over phase 1 and 2, for all MBRs, is plotted in Fig. 20. During phase 1, 
the effluent of MBR 1, MBR 2 and MBR 3 has average sCOD concentration, ignoring few 
exceptionally high values, of 31.75 mg O2/L, 29.33 mg O2/L and 27.0 mg O2/L, respectively. 
In phase 2, during around 90 – 140 days, these average sCOD concentrations were found to be 
30.17 mg O2/L, 26.5 mg O2/L and 25.17 mg O2/L, respectively in the effluent of MBR 1, MBR 
2 and MBR 3. Besides an increase to ~ 50 mg O2/L for MBR 1 on 139th day and to ~ 75 mg 
O2/L for MBR 3 on 59th day, there is no significant change in the average sCOD concentrations 
in both phases, for MBR 1, while there is significant decrease in average sCOD in case of MBR 
2 and MBR 3. 
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Average concentration of sCOD in the raw wastewater, according to Metcalf and Eddy [28], 
could be more than 250 mg O2/L. The sCOD concentration measured in HRAS effluents (data 
collected and measured by researcher at AWMC), is shown to be 146 mg O2/L with Standard 
Deviation (SD) 54 mg O2/L. The sCOD removal with respect to the above data is significant. 
In phase 1, an average sCOD removal is ~ 80%, while more than 80% in phase 2. The average 
concentration of sCOD in phase 1 and 2, for all three MBRs is shown in Fig. 21. 
The pH was measured in phase 2, for a period of more than a month, in MBR 1, MBR 2 
and MBR 3. The pH variation for all MBRs is shown in Fig. 22. The average pH values are 
shown in Fig. 23. The average pH in MBR 1 and MBR 2 is > 7, while it is lower (less than 7) 
in MBR 3. Decrease in pH below 7 is not recommended for nitrification [28] as oxidation rates 
of ammonia decrease at lower pH. In experimental reactors (MBR 1 and MBR 2), pH is 
maintained on an average above 7. The FNA dosing during phase 2 was disrupted due to sludge 
loss and frequent equipment (pumps, PLC box, floats, etc.) failure. The pH is expected to 
decrease to below 5 in later stage when FeCl3 dosing is achieved. 
• AOB and NOB Activity  
The AOB and NOB activity measurements were made in phase 3, for all MBRs. The unspecific 
and specific AOB and NOB activities are shown in Fig. 24 and 25, respectively. For MBR 1, 
the measured unspecific and specific AOB activity is 0.657 mg-N/L-h and 0.971 mg-N/g-
VSS/h. The NOB activity in MBR 1 is slightly higher than AOB activity. The MBR 1 linear 
regression results with trend line and R squared values for NOX− and NO2− are shown in Fig. 26. 
The unspecific AOB activity, in case of MBR 2 is 4.671 mg-N/L-h while specific AOB activity 
is 4.816 mg-N/g-VSS/h. The unspecific and specific NOB activity, in case of MBR 2 is 
significantly higher at values of 7.986 mg-N/L-h and 8.233 mg-N/g-VSS/h, respectively. 
Compared to MBR 1, both AOB and NOB activities are high, which indicates to the problem 
of sludge concentration in MBR 1. For MBR 3, AOB activities (unspecific and specific) were 
found to be as 1.0 mg-N/L-h and 0.505 mg-N/g-VSS/h, respectively. The unspecific and 
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specific NOB activity, determined for MBR 3 is lower, i. e. 0.314 mg-N/L-h and 0.159 mg-
N/g-VSS/h respectively. The linear regression results for NOX− and NO2−, in case of both MBR 
2 and MBR 3, are shown in Fig. 27 and 28, respectively. 
The AOB and NOB activity for the aerobic digester liquor (ADL) tank, in the new set-up, 
was also carried out. The unspecific and specific AOB and NOB activity in ADL tank is shown 
in Fig. 29. The unspecific AOB activity is found to be 14.071 mg-N/L-h, while specific AOB 
activity is 5.412 mg-N/g-VSS/h. The unspecific and specific NOB activities, in ADL tank,                                                                                                                                                                                                              
are found to be 9.0 mg-N/L-h and 3.462 mg-N/g-VSS/h, respectively. The concentrations of NOX−, NO2−, and NO3− are plotted vs. time are plotted in Fig. 30. The corresponding trend lines 
for NOX−  and NO3−, and their respective R squared values are obtained using linear regression 
method. The lower activity of NOB in ADL tank, compared to AOB activity, indicates to the 
successful selective suppression of NOB to some extent. Additional AOB and NOB data 
(partially collected by a colleague) is shown in Appendix. 
• Anammox Activity 
To measure the anammox biomass activity, the method used analyses the concentration of NH4+, NO2−, and NO3− in the water. The samples were FIA analyzed at AWMC laboratory and from 
the results, the consumption rates of NH4+ and NO2− is determined, by plotting their 
concentrations vs. time, as shown in Fig. 31. For the growth of anammox biomass, Kaldnes 
carriers (Fig. 14) with surface area of 800 m2/m3 were chosen. Thirty carriers were placed in 
1.5 L water with rpm of stirrer at 550. pH was set at 7.55. A solution of NH4Cl and NaNO2 was 
prepared to get initial concentration of NH4+- N and NO2−- N as ~ 20 mg/L.   
The combined concentrations of NH4+ and NO2− is plotted vs. time in Fig. 32. The trend line 
is drawn, and using linear regression method, the R – squared value is obtained. The unspecific 
and specific anammox activity is found to be 0.468 mg-N/L-h and 0.668 mg-N/m2/d, 
respectively. The unspecific and specific anammox activity is shown in Fig. 33. 
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7.  Conclusion 
Achieving stable partial nitritation with MBR systems, using FNA sludge treatment, has proved 
to be challenging. The average nitrite accumulation ratio with FNA dosing, in phase 1, was up 
to ~ 80%, while average nitrate concentration was observed as ~ 7 mg N/L, while the average 
total nitrogen in the effluent was much higher than the desired level. The stable partial nitritation 
became difficult as the NOB seemed to develop resistance to FNA treatment. On anammox 
treatment in phase 2, average TN eff reduced to 16.3 mg/L, thus improving nitrogen removal 
efficiency by ~ 58%. The concentration of ammonium and nitrite due to anammox bacteria 
activity, reduced to low levels (< 5 mg/L and < 2 mg/L, respectively), while nitrate 
concentration increased. The selective NOB suppression over AOB, however, was a challenge. 
On comparing the results obtained in phase 1 and 2, the anammox treatment along with in situ 
FNA in phase 2 has better feasibility of achieving stable partial nitritation at a scale of pilot 
plant. However, selective suppression of NOB over AOB is desirable. 
For the experimental set-up, in phase 3, the AOB, NOB and anammox activity were tested. 
Compared to MBR 1, the AOB and NOB activity results in MBR 2 are found to be significant. 
A side-stream aerobic digester shows higher AOB activity relative to NOB and hence is 
observed to suppress NOB, which is a positive achievement though early to draw any 
conclusion. The anammox activity is found to be low. These are the initial trial values. Due to 
slow growth rate of anammox bacteria, long sludge retention time is required. Moreover, long 
term monitoring of the pH, influent, effluent and biomass concentration, FeCl3 dosage etc. is 
required to determine the feasibility of the experimental set-up of phase 3, in achieving stable 
partial nitritation and efficient nitrogen removal. Further research is required to determine the 
process control strategies for selective suppression of NOB over AOB. 
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Fig. 15: Concentration (C) of NO2−, NO3− and NH4+ vs time, during phase 1 and 2, for all 
MBRs 
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Fig. 16: NAR (%) vs time, for all MBRs, during phase 1 and 2 
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Fig. 17: TN eff vs time, for all MBRs, during phase 1 and 2 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
TN
 e
ff 
(m
g/
L)
TN eff vs Time
MBR 1
Phase 2
Phase 1
0.0
20.0
40.0
60.0
80.0
100.0
120.0
140.0
TN
 e
ff 
(m
g/
L)
MBR 2
Phase 1 Phase 2
0.0
20.0
40.0
60.0
80.0
100.0
120.0
140.0
0 20 40 60 80 100 120 140 160 180 200 220
TN
 e
ff 
(m
g/
L)
Time (days)
Phase 2 MBR 3Phase 1
36 
 
          
 
 
 
 
 
 
 
 
Fig. 18: TSS and VSS vs time, for all MBRs, during phase 1 and 2 
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Fig. 19: Concentration of phosphorous vs time, for all MBRs, during phase 1 and 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 20: sCOD vs time, for all MBRs, during phase 1 and 2 
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Fig. 21: Average sCOD in MBR 1, MBR 2 and MBR 3, during phase 1 and 2, with 5% error 
 Fig. 22: pH variation in all MBRs, during phase 2 
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Fig. 23: Average pH for MBR 1, MBR 2 and MBR 3, with 5% error, during phase 2 
 
 
 
Fig. 24:  Unspecific AOB and NOB activity with 5% error, during phase 3 
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Fig. 25: Specific AOB and NOB activity with 5% error, during phase 3 
 
 
 
 
Fig. 26: Linear regression results for AOB and NOB activity in MBR 1 
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Fig. 27: Linear regression results for AOB and NOB activity in MBR 2 
 
 
 
Fig. 28: Linear regression results for AOB and NOB activity in MBR 3 
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 Fig. 29: Unspecific and specific AOB and NOB activity (in mg-N/L-h and mg-N/g    
VSS/h, respectively) for ADL tank, with 5% error 
 
 
 
 
Fig. 30: Linear regression results for AOB and NOB activity in ADL tank 
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Fig. 31: Linear regression results of NO2− and NH4+ concentration, for anammox activity 
 
 
 
 
 
 
 
Fig. 32: Linear regression results of combined NO2− and NH4+ concentration, for 
anammox activity 
 
Fig. 33: Unspecific and specific anammox activity (in mg-N/L-h and mg-N/m2/d, 
respectively), with 5% error  
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Appendix 
   Additional AOB and NOB results (data partially collected by a colleague on 22.3.19, at 
Luggage Point) 
   Fig. A1: Unspecific AOB and NOB activity with 5% error, during phase 3  
 
 
Fig. A2: Specific AOB and NOB activity with 5% error, during phase 3  
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Fig. A3: Linear regression results for AOB and NOB activity in MBR 1     
  
 
 
 
 
 
 
Fig. A4: Linear regression results for AOB and NOB activity in MBR 2     
Fig. A5: Linear regression results for AOB and NOB activity in MBR 3 
(The above data for MBR 1, MBR 2 and MBR 3 was collected on 22.3.19)    
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Fig. A6: Unspecific AOB activity with 5% error, in all MBRs (on 08.3.19 and 22.3.19)  
 
 
 
 
 
 
 
 
 
 
 
             
             Fig. A7:  Specific AOB activity with 5% error, in all MBRs (on 08.3.19 and 22.3.19)   
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Fig. A8: Unspecific NOB activity with 5% error, in all MBRs (on 08.3.19 and 22.3.19)    
  
         Fig. A9: Specific NOB activity with 5% error, in all MBRs (on 08.3.19 and 22.3.19)   
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Table 2: Average TSS, VSS and sCOD values for MBR 1, MBR 2 
and MBR 3, during phase 1 and 2.    
 
 
Reactor TSS 
(g/L) 
VSS 
(g/L) 
sCOD 
(mg/L) 
MBR 1 
Phase 1 10.840 9.245 31.750 
Phase 2 4.036 3.491 30.167 
MBR 2 
Phase 1 7.805 6.685 29.33 
Phase 2 6.267 5.536 26.500 
MBR 3 
Phase 1 7.156 6.250 27.0 
Phase 2 8.163 6.902 25.167 
